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While few children and young adults have cross-protective antibodies to the pandemic HIN1 2009
(pdmH1NT1) virus, the illness remains mild. The biological reasons for these epidemiological observations are
unclear. In this study, we demonstrate that the bulk memory cytotoxic T lymphocytes (CTLs) established by
seasonal influenza viruses from healthy individuals who have not been exposed to pdmHIN1 can directly lyse
pdmHI1N1-infected target cells and produce gamma interferon (IFN-y) and tumor necrosis factor alpha
(TNF-«). Using influenza A virus matrix protein 1 (Mls4 ) epitope-specific CTLs isolated from healthy
HLA-A2" individuals, we further found that Ml ., epitope-specific CTLs efficiently killed both M1,
peptide-pulsed and pdmH1N1-infected target cells ex vivo. These M1s4 (s-specific CTLs showed an effector
memory phenotype and expressed CXCR3 and CCRS chemokine receptors. Of 94 influenza A virus CDS8 T-cell
epitopes obtained from the Immune Epitope Database (IEDB), 17 epitopes are conserved in pdmH1N1, and
more than half of these conserved epitopes are derived from M1 protein. In addition, 65% (11/17) of these
epitopes were 100% conserved in seasonal influenza vaccine HIN1 strains during the last 20 years. Impor-
tantly, seasonal influenza vaccination could expand the functional M1.4_¢, epitope-specific CTLs in 20% (4/20)
of HLA-A2* individuals. Our results indicated that memory CTLs established by seasonal influenza A viruses
or vaccines had cross-reactivity against pdmH1N1. These might explain, at least in part, the unexpected mild
pdmH1N1 illness in the community and also might provide some valuable insights for the future design of

broadly protective vaccines to prevent influenza, especially pandemic influenza.

Since its first identification in North America in April 2009,
the novel pandemic HIN1 2009 (pdmHIN1) virus has been
spreading in humans worldwide, giving rise to the first pan-
demic in the 21st century (13, 18). The pdmHIN1 virus con-
tains a unique gene constellation, with its NA and M gene
segments being derived from the Eurasian swine lineage while
the other gene segments originated from the swine triple-
reassortant HINT1 lineage. The triple-reassortant swine viruses
have in turn derived the HA, NP, and NS gene segments from
the classical swine lineage (20). The 1918 pandemic virus gave
rise to both the seasonal influenza HIN1 and the classical
swine HINT1 virus lineages (41). Evolution in different hosts
during the subsequent 90 years has led to increasing antigenic
differences between recent seasonal HIN1 viruses and swine
H1 viruses (42). Thus, younger individuals have no antibodies
that cross neutralize pdmHI1NI1, while those over 65 years of
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age are increasingly likely to have cross-neutralizing antibodies
to pdmHINT1 (10, 25).

Currently available seasonal influenza vaccines do not in-
duce cross-reactive antibodies against this novel virus in any
age group (10, 25). In animal models, it has been shown that
pdmHI1NI1 replicated more efficiently and caused more severe
pathological lesions than the current seasonal influenza virus
(28). However, most patients with pdmHINT1 virus infection
show a mild illness comparable to seasonal influenza (9, 42).
The incidence of severe cases caused by pdmHINI was not
significantly higher than that caused by human seasonal influ-
enza viruses (43). These findings imply that seasonal influenza
A virus-specific memory T cells preexisting in previously in-
fected individuals may have cross-protection to this novel
pdmHINI.

Cross-reactivity of influenza A virus-specific T-cell immunity
against heterosubtypic strains which are serologically distinct
has been demonstrated (5, 29, 33, 47). Humans who have not
been exposed to avian influenza A (H5N1) virus do have cross-
reactive memory CD4 and CDS8 T cells to a wide range of
HSNI1 peptides (33, 47). More recently, one study also showed
that some seasonal influenza A virus-specific memory T cells in
individuals without exposure to prior pdmHIN1 infection can
recognize pdmHIN1 (24). However, the results in most of
these studies were determined by the gamma interferon
(IFN-v) responses to influenza virus peptides. Although the
recalled IFN-y response is commonly used to detect memory
CD4 and CDS8 T cells, the activated T cells that bind major
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histocompatibility complex (MHC)-presented peptide are not
necessarily capable of lysing the target cells (6). In addition,
the peptides, but not the whole virus, may not be able to fully
represent the human cross-response against the virus as a
whole. Therefore, in addition to cytokine production, the dem-
onstration of direct antigen-specific cytotoxicity of cytotoxic T
lymphocytes (CTLs) against both peptide-pulsed and virus-
infected target cells is needed for better understanding of hu-
man CTL responses against pdmH1N1 virus.

In this study, using bulk memory CTLs and epitope-specific
CTLs established by seasonal influenza A viruses and epitope-
specific peptide from healthy individuals, respectively, we eval-
uated their cross-cytotoxicity and cytokine responses to
pdmHINI. We also examined the expression of chemokine
receptors CXCR3 and CCRS, which could help CTLs to mi-
grate to the site of infection. In addition, to understand
whether the seasonal influenza vaccines have benefit for peo-
ple who have not been exposed to pdmHIN1, we further ex-
amined the ability of seasonal influenza vaccines to induce the
conserved M1sg ¢ epitope-specific CTLs in HLA-A2-seropos-
itive healthy individuals.

MATERIALS AND METHODS

Cells. Peripheral blood mononuclear cells (PBMCs) were isolated from whole
blood obtained from 12 healthy adult volunteers recruited between May and July
2009. A brief questionnaire was conducted when the blood sample was collected
to confirm that there was no clinical history of pdmHINT infection in these
donors. A microneutralization assay was used to confirm that there was no
detectable antibody against pdmH1NT1 in these healthy adult volunteers. Twenty
HLA-A2-positive adult donors were recruited before the 2008 influenza season
and vaccinated with one dose of 2008-2009 trivalent seasonal influenza vaccine,
comprised of A/Brisbane/59/2007 (HIN1)-like, A/Brisbane/10/2007 (H3N2)-like,
and B/Florida/4/2006-like strains, manufactured by GlaxoSmithKline Biologicals.
The blood was collected before and 1 month after vaccination. Monocyte-derived
macrophages (MDMs) were generated from mononuclear cells as we described
previously (60). PBMCs and MDMs were cultured in RPMI 1640 (Invitrogen)
medium supplemented with 10% autologous serum. B cells from PBMCs were
stimulated and expanded via CD40 using NIH 3T3 cells transfected with the
human CD40 ligand as we described before (52, 58, 59). The research protocol
was approved by the Institutional Review Board of the University of Hong
Kong/Hospital Authority Hong Kong West Cluster. The T2 (deficient in human
transporter associated with antigen processing) and Madin-Darby canine kidney
(MDCK) cell lines (both from ATCC) were routinely maintained in Iscove’s
modified Dulbecco’s medium and Dulbecco’s modified Eagle’s medium (Invitro-
gen), respectively.

Influenza virus and peptide. As described in our previous study (36), seasonal
influenza A/Brisbane/59/2007 (HINT1)-like and A/Brisbane/10/2007 (H3N2)-like
viruses were cultured in MDCK cells. A/California/04/2009 pandemic pdmHIN1
was propagated in embryonated chicken eggs. These viruses were purified by
adsorption to and elution from turkey red blood cells. The virus titer was
determined by titration in MDCK cells with daily observation of cytopathogenic
effect and was confirmed by hemagglutination assay. Handling of the pandemic
virus was performed in a biosafety level 3 facility. The HLA-A2-restricted influ-
enza virus M1 peptide (GILGFVFTL) (Chinese Peptide, China) and human
papillomavirus (HPV) peptide (FQQLFLNTL) (AnaSpec, CA) were dissolved
in dimethyl sulfoxide (DMSO) at 1 mg/ml and stored at —70°C until use.

Ex vivo expansion of influenza A virus-specific bulk CTLs. PBMCs were
infected with seasonal influenza HIN1 and H3N2 viruses at a multiplicity of
infection (MOI) of 3 in the absence of human serum. After 1 h of viral adsorp-
tion, unadsorbed viruses were washed away with excess phosphate-buffered sa-
line. The cells were then cultured in RPMI 1640 medium plus 10% human AB
serum and 1 mg/ml phytohemagglutinin (PHA) (Sigma). On day 7, CD8" T cells
were isolated by using a CD8 T-cell isolation kit (Miltenyi). Autologous PBMCs
that were infected by influenza virus were irradiated and cocultured with the
purified CD8* T cells at 1:1 in RPMI 1640 medium supplemented with 10%
human AB serum, 1 mg/ml PHA, and 50 IU/ml recombinant human interleu-
kin-2 (IL-2) for 5 more days. On day 12, IFN-y" CD8™" T cells were sorted as the
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effector cells with an IFN-y secretion assay kit (Miltenyi Biotec). Briefly, CD8"
T cells were attached to IFN-y catch reagent and isolated by positive selection
with IFN-y detection antibody-phycoerythrin (PE) and anti-PE microbeads. The
purity of IFN-y-positive CD8" T cells was routinely more than 95% as deter-
mined by flow cytometric analysis.

Ex vivo expansion of influenza M1 ¢-specific CTLs. PBMCs from healthy
HLA-A2-positive individuals who had detectable CD3" CD8* Mlsg 4 tet-
ramer-positive (M1sg_g¢-tetramer ) cells before influenza vaccination were stim-
ulated with 1 wg/ml M1 peptide in RPMI 1640 medium plus 10% human AB
serum and recombinant IL-2 (Gibco). On day 10, CD3* CD8* Ml-tetramer™
cells were sorted with a FACSAira and incubated with irradiated allogeneic
feeder cells in the presence of PHA to expand Mlsg 46-specific CTLs. At the
indicated time points, the cells were examined for HLA-A*0201-restricted
Mlsg_g6 tetramer staining of CD3" CD8™ cells.

Flow cytometry and tetramer analysis. The following anti-human monoclonal
antibodies (MAbs) were used in this study: anti-HLA-A2 (BB7.2), anti-CD45RO
(UCHL1), anti-CCR7 (3D12), anti-CD62L (DREG-56), anti-IFN-y (25723.11),
anti-TNF-a (6401.1111), antiperforin (G9), anti-granzyme B (GB11), and anti-
CD107a (H4A3) (all from BD Biosciences) and anti-CD3 (HIT3a), anti-CD8
(HIT8a), anti-CD19 (HIB19), anti-CCR5 (HEK/1/85a), and anti-CXCR3 (TG1/
CXCR3) (all from BioLegend). For intracellular staining, cells were fixed, per-
meabilized, and then labeled with the indicated antibody as we described before
(36, 44, 59). In order to examine tetramer staining, cells were incubated with
anti-CD3, anti-CD8, and HLA-A2/M1sg_g tetramer (Beckman Coulter, CA) for
30 min and then analyzed by flow cytometry. All data were acquired on a BD
FACSAria with FACS Diva (BD Biosciences) and analyzed using FlowJo soft-
ware (TreeStar).

Cytotoxicity assay and granule exocytosis examination. The cytotoxicity assay
with T2 cells as target cells was performed with the Live/Dead cell-mediated cyto-
toxicity kit (Invitrogen) as described in our previous studies (36, 52). Briefly,
DiOC g-labeled T2 cells were pulsed with M1sg ¢, or HPV peptide in the presence
of B,-microglobulin for 2 h and then cocultured with expanded M1sg ¢¢-specific
CTLs at the indicated effector cell/target cell (E/T) ratio in the presence of pro-
pidium iodide (PI) for 4 h. After incubation, the cytotoxicity was analyzed by flow
cytometry and calculated as the percentage of DiIO™ PI™ cells out of total DiIO™
cells.

To determine the cytotoxicity of influenza virus-specific CTLs against influ-
enza virus-infected target cells, target cells (autologous MDMs or B cells) were
infected with HIN1, H3N2, or pdmH1N1 virus. After 1 h, the cells were washed
and then cocultured with influenza virus bulk CTLs or M1sg 44-specific CTLs at
the indicated E/T ratio for 4 to 6 h. After incubation, total cells were stained with
anti-CD3 and EthD-2 as we described before (44). Dead target cells were
identified as EthD-2-positive cells out of CD3-negative cells, and cell death was
analyzed by flow cytometry.

To examine the granule exocytosis of CTLs, B and T2 cells were loaded with
Mlsg.¢6 Or negative control HPV peptide and then cocultured with influenza
virus Mlsg ¢¢-specific CTLs in the presence of fluorescein isothiocyanate
(FITC)-anti-human CD107a MADb for 4 h. The expression of CD107a on the
CTL surface was determined by flow cytometry.

MHC I-restricted CD8 T-cell epitope analysis. Total human MHC I-restricted
CDS8 T-cell epitopes of all influenza A viruses were retrieved from the IEDB
database. The epitopes that induced a positive T-cell response were included in
this study for analysis. For overlapping epitopes, each one was included. When
one or more epitopes were contained in another one, only the longest epitope
was included for analysis, except for the M1s¢_¢4 epitope (GILGFVFTL) used in
this study. To determine the conservation of CD8 T-cell epitopes in pdmHIN1,
all protein sequences of pdmHINI1, with A/California/04/2009(HIN1) (CA04)
and A/California/07/2009(HIN1) (CAOQ7) as representative strains, were
searched against CD8 T-cell epitopes. These epitopes conserved in pdmHIN1
were further examined in the sequences of seasonal influenza vaccine HIN1
strains from 1989 to 2009 to calculate the frequency of epitopes invariant in the
vaccine strains compared with pdmH1N1. Only the epitopes with 100% conser-
vation were included for analysis.

Statistical analysis. Data were expressed as means * standard errors of the
means (SEM). Statistical analysis was performed with Student’s paired ¢ test or
one-way analysis of variance (ANOVA) with a multiple-comparison test using
Prism 5 (GraphPad Software). A P value of <0.05 was considered significant.

RESULTS

Cross-response of bulk CTLs against pdmH1N1 in healthy
individuals. The cross-responses of the whole CTL repertoire
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FIG. 1. Bulk memory CTL cross-response against pdmHIN1 in
healthy individuals. (A) PBMCs from healthy individuals were stimu-
lated with both HIN1 and H3N2 viruses from 2008-2009 seasonal
influenza vaccine strains to expand virus-specific bulk CTLs, of which
IFN-vy-secreting CD8 T cells (effector [E]) were purified and then
cocultured with autologous MDMs (target [T]) infected or not with
HIN1, H3N2, and pdmH1NT1 viruses at an E/T ratio of 10:1. Data for
12 different individuals are shown. (B) Human influenza virus-specific
bulk CTLs were cocultured with pdmH1N1 virus-infected autologous
MDMs at the indicated E/T ratios. After 4 h, cell death of MDMs was
analyzed by flow cytometry. Data for 12 different individuals are
shown. (C) Effector cells were cocultured with MDMs at an E/T ratio
of 10:1 in the presence of anti-human CD107a antibody. After 4 h,
CD107a expression on CD8 T cells was examined by flow cytometry.
Data for 12 different individuals are shown.

against pdmH1N1 virus were first determined in healthy indi-
viduals without exposure to prior pdmHIN1 infection as con-
firmed by pdmHIN1 antibody testing. By stimulation of
PBMCs with both HIN1 and H3N2 viruses from 2008-2009
seasonal influenza vaccine strains, seasonal influenza A virus-
specific bulk CTLs were expanded and IFN-y-secreting CD8 T
cells were sorted as effector cells (E). In order to define
the CTL cross-reactivity against pdmHIN1 virus, the direct
cytotoxicity against influenza virus-infected target cells was
examined. As shown in Fig. 1A, CTLs expanded by seasonal
influenza viruses not only directly lysed seasonal HIN1- and
H3N2-infected autologous MDMs but also efficiently killed the
pdmHINI-infected cells (target [T]), indicating that bulk
CTLs induced by seasonal influenza A virus (HIN1 and H3N2)
have cross-responses to pdmH1N1. Among 12 healthy donors,
5 had similar levels of CTL responses to seasonal influenza
HIN1, H3N2, and pdmHIN1 viruses, whereas the others
exhibited lower but substantial cross-CTL responses to
pdmHI1N1 compared to those against either seasonal HIN1 or
H3N2 virus-infected cells (Fig. 1A). In addition, the cross-
responses of bulk CTLs against pdmHINI1 virus were in-
creased with the increase of the E/T ratio (Fig. 1B).

Granule exocytosis is the main pathway for CTLs to lyse
virus-infected target cells (34). Upon engagement with target
cells, the secretory lysosomes that contain cytolytic granules
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FIG. 2. Cytokine expressions of bulk memory CTLs against
pdmHIN1. PBMCs from healthy individuals were stimulated with both
HIN1 and H3N2 viruses from 2008-2009 seasonal influenza vaccine
strains to expand virus-specific bulk CTLs, of which IFN-y-secreting
CD8 T cells (effector [E]) were purified and then cocultured with
autologous MDMs (target [T]) infected with or without HIN1, H3N2,
and pdmHI1NI1 viruses at an E/T ratio of 10:1 for 4 h in the presence
of brefeldin A. The cells were then fixed, permeabilized, and examined
for IFN-y and TNF-a expression in CD8 T cells. Data for eight dif-
ferent individuals are shown.

fuse with the cell membrane, allowing the release of perforin
and enzymes (granule exocytosis) to exert killing (8, 14). Dur-
ing this process, CD107a, a lysosomal membrane protein, re-
distributes to the cell surface. Thus, surface expression of
CD107a is used to examine the exocytosis of killer cells (1, 7,
8). We next determined the granule exocytosis of bulk CTLs by
detecting CD107a expression. As shown in Fig. 1C, similar to
the case for seasonal HIN1 and H3N2 viruses, pdmHIN1
virus-infected MDMs also induced substantial granule exocy-
tosis of CTLs expanded by seasonal influenza viruses (P >
0.05).

Cross-cytokine responses of bulk CTLs against pdmHIN1
in healthy individuals. In addition to the direct lysis of infected
cells, virus-specific CTLs also secrete effector cytokines to ex-
ert antiviral effects (37, 50, 55), among which IFN-y and
TNF-a are predominantly produced in influenza virus-specific
CTLs in the lung (31). Therefore, the IFN-y and TNF-a re-
sponses of bulk CTLs against the whole influenza virus were
examined, despite the fact that their production is only an
indirect surrogate marker for T-cell function. After a 4-hour
coculture of bulk CTLs induced by seasonal influenza viruses
(HIN1 and H3N2) and virus-infected MDMs, intracellular cy-
tokine expression was analyzed by flow cytometry. As shown in
Fig. 2, comparable frequencies of IFN-y- and TNF-a-express-
ing cells were detected in the bulk CTLs stimulated by seasonal
vaccine strain H1N1-, seasonal vaccine strain H3N2-, and
pdmHINI1-infected MDMs.

Ex vivo expansion of M1.4 ¢, epitope-specific memory CTLs.
The M1sg ¢ epitopes from seasonal vaccine strains (HIN1 and
H3N?2) are conserved in pdmH1N1, and the frequency of CTLs
against a certain epitope in the individual PBMCs was very
low. In order to investigate the function of epitope-specific
memory CTLs, we expanded M1 4, epitope-specific memory
CTLs with Mlsg 4, peptide, which is a dominant HLA-
A*0201-restricted epitope. PBMCs were isolated from healthy
HLA-A2-positive individuals who had detectable CD3" CD8™
Ml 4¢-tetramer™ cells before influenza vaccination and were
incubated with M154_¢, peptide and recombinant IL-2 for ex-
pansion of epitope-specific CTLs. On day 10, CD3* CD8"
Ml-tetramer™* cells were isolated and further stimulated with
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FIG. 3. Ex vivo expansion of Mlsg ¢4 epitope-specific memory CTLs. (A) PBMCs from healthy HLA-A2-seropositive individuals were
stimulated with influenza M1s4 44 peptide to expand the epitope-specific CTLs. HLA-A2/M1sg4 ¢, peptide tetramer” CD8 T cells were analyzed
by flow cytometry based on the gating of CD3" CD8™ T cells. (B) Expression of perforin and granzyme B in HLA-A2/M1sg4 ¢, peptide tetramer™*
CD3" CD8" T cells. The results shown are representative of four different individuals.

irradiated allogeneic feeder cells in the presence of PHA to
expand Mlsq g6-specific CTLs. As shown in Fig. 3A, the
epitope-specific memory CTLs were largely expanded by ex
vivo peptide over 15 days of stimulation.

The cytotoxicity of killer cells is usually mediated by cytolytic
granules. The granule-mediated apoptosis is induced by the
complementary action of granzymes, where granzyme B plays
an essential role in inducing apoptosis, and perforin, a crucial
effector molecule facilitating the entry of granzymes into the
target cells (27, 35). We next examined the expression of gran-
ules in the epitope-specific memory CTLs expanded by
Mlsg 66 peptide. As shown in Fig. 3B, intracellular staining
analysis demonstrated that a large fraction of these expanded
memory CTLs expressed perforin and granzyme B.

Cross-responses of epitope-specific memory CTLs against
pdmHIN1. To confirm the cross-responses of CTLs against
pdmHINI, we further investigated the function of epitope-
specific CTLs after expansion in four HLA-A2" individuals.
As shown in Fig. 4A, the expanded Mlsg ¢4 epitope-specific
memory CTLs had strong cytotoxicity specifically against in-
fluenza virus Mg 4 peptide-pulsed target cells compared to
that against control HPV peptide-pulsed cells. In parallel with
the cytotoxicity, significant granule exocytosis, as evidenced by
the high level of surface expression of CD107a, was detected
on the epitope-specific memory CTLs stimulated by M1sg 4
peptide-pulsed target cells but not on those stimulated by HPV
peptide-pulsed cells (Fig. 4B).

To define more precisely the CTL cross-reactivity against
pdmH1NI1, the cytotoxicity against virus-infected target cells by
Mlsg 66 epitope-specific CTLs was further studied. Autolo-
gous B cells were infected with seasonal HIN1 or H3N2 or
pdmHI1NI1 virus and used as the target cells. As shown in Fig.
4C, the epitope-specific memory CTLs expanded by M1sg 4
peptide showed comparable cytotoxicity against pdmHIN1
and seasonal influenza HIN1 and H3N?2 virus-infected target
cells. In addition, a strong granule exocytosis was demon-
strated in Mlsg o6 peptide-specific memory CTLs upon en-
gagement with B cells pulsed with this peptide but not those
pulsed with the HPV (Fig. 4D). Taken together, these data
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FIG. 4. Cross-responses of M1sg ¢, epitope-specific memory CTLs
against pdmHINI1. (A) PBMCs from healthy HLA-A2-seropositive
individuals were stimulated with influenza M1 44 peptide to expand
the epitope-specific CTLs. T2 cells were loaded with influenza virus
M1 (M1-T2) or negative control HPV peptide (HPV-T2) and then
cocultured with M1 44 epitope-specific CTLs at the indicated E/T
ratios. After 4 h, specific lysis was determined by flow cytometry.
(B) Mlsg 46 epitope-specific CTLs were cocultured with peptide-
pulsed T2 cells in the presence of anti-CD107a antibody for 4 h. The
surface expression of CD107a on CD8 T cells was examined. (C) Au-
tologous B cells infected with or without HIN1, H3N2, or pdmHIN1
virus were cocultured with Mlsg 4 epitope-specific CTLs for 6 h.
B-cell death was analyzed by flow cytometry. (D) B cells were loaded
with Mlsg ¢ (M1-B) or negative control HPV peptide (HPV-B) and
then cocultured with M1s4_g¢ epitope-specific CTLs in the presence of
anti-CD107a antibody. After 4 h, the surface expression of CD107a on
CD8 T cells was examined. The results shown are representative of
four independent experiments.
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FIG. 5. Effector memory phenotype and trafficking receptor ex-
pression in M1sg 44 epitope-specific memory CTLs. M1sg ¢4 epitope-
specific CTLs were examined for the expression of memory phenotype
CD45RO, CD62L, and CCR?7 and of the trafficking receptor CXCR3
and CCRS5 by flow cytometry. The results shown are representative of
four independent experiments.

indicated that the epitope-specific memory CTLs could effi-
ciently recognize and kill the cells infected by the heterologous
strains as long as the virus conserved this epitope.

Effector memory phenotype and trafficking receptor expres-
sion in Ml o, epitope-specific memory CTLs. Memory T
cells can be divided into two subgroups, central memory cells
(CD62L"e" CCR7") and effector memory cells (CD62L'%
CCR7"), based on the expression of homing receptors. These
two groups have distinct traffic pathways and responses upon
restimulation. Upon pathogen challenge, the effector memory
CTLs can traffic to the peripheral tissue sites, immediately lyse
target cells, and produce cytokines to contain the invading
pathogens (6, 48). We therefore examined the phenotype of
the CTLs. As demonstrated in Fig. SA, all the M154_4, epitope-
specific CTLs were CD45RO™ CD62L'* CCR7 ", indicating
that these CTLs were effector memory cells.

In order to clear the invading virus, the virus-specific CD8 T
cells must migrate to sites of infection (56), which is mediated
by the interaction of chemokine receptors and chemokines. It
is known that CCRS expressed on memory CTLs is needed for
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their recruitment to the airways during the early stages of the
recall response (30). CXCR3 also plays a primary role in the
early recruitment of memory CD8 T cells from the circulation
to the lung airways during respiratory virus infection (30).
Therefore, we further examined the expression of these che-
mokine receptors on the epitope-specific CTLs. As shown in
Fig. 5B, almost all the M1s4 4, peptide-specific memory CTLs
expressed CCR5 and CXCR3. Taken together, these findings
indicated that these memory CTLs had the potential to quickly
traffic to the site of infection and immediately clear influenza
virus upon viral challenge.

In vivo expansion of M1.4 ¢, epitope-specific memory CTLs
by seasonal influenza vaccine. As the M1, ¢, epitope-specific
memory CTLs could efficiently recognize and kill pdmHIN1-
infected cells, we further determined whether the currently
available seasonal influenza vaccine (GlaxoSmithKline Bio-
logicals) could expand these CTLs. HLA-A2/Mlsq g¢-tet-
ramer” CD8" T cells in frozen PBMCs isolated from 20 HLA-
A2-positive individuals who received seasonal 2008-2009
influenza vaccine before influenza season were analyzed.
Among them, four individuals had detectable HLA-A2/
Mlsg o6 tetramer-positive CTLs before vaccination. Impor-
tantly, their HLA-A2/M154 4, tetramer-positive CTLs were in-
creased 1 month after seasonal influenza vaccination (Fig. 6).
This expansion by seasonal influenza vaccine varied among the
donors in terms of the frequency of HLA-A2/Ml1sg 46-tet-
ramer” CTLs, with the highest increase being about 3-fold and
the lowest 40% in these individuals.

Conservation of CD8 T-cell epitopes in pdmHIN1 and sea-
sonal vaccine strains. We next determined how many CD8
T-cell epitopes derived from previous influenza A viruses are
conserved in pdmHINI1. CD8 T-cell epitopes of influenza A
viruses of different subtypes, including HIN1, H3N2, and
HS5N1 were searched, and a total of 94 experimentally defined
CD8 T-cell epitopes were obtained from the IEDB database.
Of these, 17 epitopes are conserved in pdmHI1N1, with CA04
and CAOQ7 as representative strains (Table 1). As shown in
Table 1, more than half of these conserved CD8 T-cell
epitopes are derived from M1 protein, but no conserved
epitope was found in HA protein.

We then determined how many of these 17 epitopes conserved
in pdmHIN1 were invariant in the seasonal influenza vaccine
HINT strains from 1989 to 2009. Six HIN1 viruses, A/Singapore/
6/1986(H1N1), A/Bayern/7/1995(HIN1), A/Beijing/262/1995
(HIN1), A/New Caledonia/20/1999(HIN1), A/Solomon Is-
lands/3/2006(HIN1), and A/Brisbane/59/2007(H1IN1), have
been used as vaccine strains during this period. All full-length
protein sequences were retrieved from the NCBI, and the
conservation of these epitopes was ascertained. As shown in
Table 2, about 65% (11/17) of these epitopes were completely
conserved in the vaccine HINT1 strains. Similar to the epitopes
conserved in pdmHINT1, most of the invariant T-cell epitopes
in the vaccine strains are derived from the internal M1 protein.

DISCUSSION

T-cell-mediated immune responses play critical roles in host
defenses against influenza A virus infection. The cross-reactive
memory T cells, especially CTLs, are believed to improve virus
clearance and reduce the severity of illness even in the absence
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FIG. 6. In vivo expansion of M1sg_4, epitope-specific CTLs by seasonal influenza vaccine. PBMCs from healthy HLA-A2-seropositive individ-
uals were isolated before and 1 month after seasonal 2008-2009 influenza vaccination. HLA-A2/M1sg ¢4 tetramer staining was performed and
analyzed by flow cytometry. The numbers shown here indicate the frequency of HLA-A2/M1s4 ¢s-tetramer ™ cells within the population of CD3*
CD8™" T cells. Among 20 HLA-A2-positive individuals, only 4 individuals had an increase of HLA-A2/M1sg ¢, tetramer-positive CTLs 1 month

after vaccination. Results from those four donors are shown.

of virus-specific antibodies, although they cannot prevent in-
fluenza infection (40). The cross-reactivity of influenza A virus-
specific T cells to heterosubtypic strains has been reported (5,
15, 23, 29, 33, 47, 51). However, little is known about the
cross-responses of seasonal influenza virus-specific CTLs
against pdmH1NT1. In this study, we further demonstrated that
both bulk memory CTLs and epitope-specific CTLs established
by seasonal human influenza A viruses or vaccine in healthy
individuals had cross-responses against pdmHIN1 virus, as
shown by the direct lysis of pdmH1NT1-infected cells and ex-
pression of IFN-y and TNF-a upon pdmHINI challenge.
Thus, we clearly demonstrated the cross-cytotoxicity of the

TABLE 1. MHC class I-restricted CD8 T-cell epitopes conserved in
pdmHIN1 CA04 and CA07

Eprllt)OPe Protein Sequence IEDB ID
1 M1 GILGFVFTL 20354
2 M1 ILSPLTKGIL 27350
3 M1 IRHENRMVL 28309
4 M1 KTRPILSPLTK 33844
5 M1 LTKGILGFVFTLTVPSERG 39989
6 M1 RGLOQRRRFVQNALNGNG 53918
7 M1 RMVLASTTAK 54953
8 M1 SIHPSGPLK 58567
9 M1 ALASCMGLIY 97192
10 NA CVNGSCFTV 7291
11 NA SWPDGAELPF 62486
12 NP ELRSRYWAIRTRSG 13264
13 NP QLVWMACHSAA 97583
14 NS1 GEISPLPSL 19312
15 PA CELTDSSWI 6183
16 PA FMYSDFHFI 17119
17 PA SLENFRAYV 59069

preexisting seasonal influenza A virus-specific CTLs against
pdmHIN1.

It is known that CTLs may not provide sterilizing immunity
but may promote viral clearance and alleviate illness severity,
which have been extensively studied in animals (3, 38, 53, 54).
There are more accumulating data showing that T-cell re-
sponses can protect against influenza. High levels of CD8 T-
cell response are correlated with reduced viral shedding in
persons without specific antibody (40). Most importantly, the
cross-protection of such CTLs has been demonstrated in hu-
mans in vivo by the Cleveland family study, in which persons
who had experienced symptomatic HIN1 influenza were found
to be partially protected from the following pandemic H2N2
virus infection in 1957 (17, 46). Indeed, even for adults over 60
years old, the cross-reactive T-cell responses play some role
despite the fact that they have some level of preexisting anti-
bodies, as the cellular responses, but not antibodies, are cor-

TABLE 2. MHC class I-restricted CD8 T-cell epitopes conserved in
all seasonal vaccine HINT strains from 1989 to 2009 and in
pdmHIN1 CA04 and CA07

Elelt)ope Protein Sequence IEDB ID
1 M1 GILGFVFTL 20354
2 M1 ILSPLTKGIL 27350
3 M1 IRHENRMVL 28309
4 M1 KTRPILSPLTK 33844
5 M1 LTKGILGFVFTLTVPSERG 39989
6 M1 RGLORRRFVQNALNGNG 53918
7 M1 RMVLASTTAK 54953
8 M1 ALASCMGLIY 97192
9 NA SWPDGAELPF 62486
10 NS1 GEISPLPSL 19312
11 PA FMYSDFHFI 17119
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related with protection against influenza illness among individ-
uals older than 60 years (39).

It is interesting that the disease severity seems not to be
related to the preexisting cross-reactive memory T cells during
infection with the highly pathogenic avian influenza virus, al-
though cross-reactive memory T cells have been detected in
healthy populations by determining the IFN-y responses (29,
32, 33, 47). The fact that lethal H5N1 influenza viruses are
resistant to the antiviral effects of IFN-a, IFN-y, or TNF-a may
partially explain this (49).

pdmHINT1 has been shown to replicate more efficiently and
cause more severe pathological lesions than the current sea-
sonal influenza virus in animal models (28). However, the
illness caused by this novel pandemic pdmHI1N1 in most pa-
tients is mild (9, 42). Recently, some degree of cross-reactive
T-cell IFN-v responses against pdmH1N1 virus was detected in
a healthy population (21, 24). Here we provide further evi-
dence of the preexistence of cross-reactively functional mem-
ory CTLs to pdmHINI1 in healthy individuals. In addition,
these cross-reactive CTLs expressed CCRS and CXCR3, which
could help cross-reactive CTLs migrate to the sites of infection,
as pdmHI1N1-infected cells express the ligands of CCRS
(CCL3, CCLA, and CCLS5) and CXCR3 (CXCL10) (57). Our
data suggest that the preexisting cross-reactive CTLs might
contribute, at least in part, to the mild illness in this pandemic.

Since there is a very low frequency of influenza virus-specific
T cells in human peripheral blood, most studies have used
IFN-vy responses to investigate the cross-reactive T-cell re-
sponses or have used influenza virus peptide-pulsed cell lines
or cell lines in which HA, NA, and M proteins are expressed as
target cells to determine the cross-reactive CTLs of in vitro-
expanded CDS8 T-cell lines (5, 23, 29, 51). However, these
assays have some limitations. First, IFN-vy-secreting T cells are
not necessarily capable of lysing the target cells (6). Second,
influenza virus peptides or HA, NA, and M proteins cannot
fully represent the virus as a whole. To overcome these limi-
tations, here we used the whole virus-infected and peptide-
pulsed autologous primary cells as the target cells to examine
the killing capacities of virus-specific CTLs. Although the as-
says we used here have obvious advantages, they still have
limitations, as using in vitro-amplified and purified virus-spe-
cific CD8 T cells to examine their cytotoxic activities may not
fully represent the in vivo situation. A prospective population-
based case-control study may make it possible to further con-
firm our current findings.

Here, we have shown that 17 of 94 experimentally defined
CD8 T-cell epitopes derived from the previous influenza A
viruses are conserved in pdmHIN1, and more than half of
these epitopes are derived from the M1 proteins. No conserved
epitope was found in HA protein. In addition, we further
demonstrated that about 65% (11/17) of the MHC class I-re-
stricted CDS8 T-cell epitopes in pdmHIN1 were completely
conserved in seasonal influenza vaccine HIN1 strains during
the last 20 years, and most of these invariant epitopes in vac-
cine strains are derived from M1 protein. Consistent with our
findings, previous studies also demonstrated that the HLA-A2-
restricted M1sg_ ¢ epitope is the most dominant and frequently
recognized CD8 T-cell epitope in humans, and memory re-
sponses to influenza virus are usually stronger in individuals
with the HLA-A2 genotype than in those with other genotypes
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(2, 4). Importantly, we also found that seasonal influenza vac-
cination could expand the cross-reactively functional M1sg 4
epitope-specific memory CTLs in 20% (4 out of 20) HLA-A2-
positive individuals. These findings suggest that vaccination
with seasonal influenza vaccines might still be of benefit in this
pandemic, at least in some cases, in terms of the induction of
cross-reactive CTLs. Indeed, recent epidemiological studies
also showed that seasonal trivalent inactivated influenza vac-
cine (TIV) could provide some protection (16, 19), although
the seasonal influenza vaccine does not stimulate protective
antibody responses to pdmH1N1.

The ability of commercially available influenza vaccines to
induce human T-cell responses may vary depending on the
internal protein contents of vaccines from different manufac-
turers (12). Here we showed that TIV (GlaxoSmithKline) in-
duced HLA-A2/M1sg 6-tetramer™ CD8™ T cells in 20% of
HLA-2-positive individuals, as this vaccine contains a relatively
high level of M protein (11). Consistent with our finding, re-
cent studies also showed that TIV (Sanofi Pasteur) could in-
duce HLA-A2/M1-tetramer* CD8" T cells in 12 to 25% of
HLA-2-positive individuals (45, 51). Live attenuated influenza
vaccine (LAIV) is expected to induce T-cell responses more
efficiently than TIV, as it contains all the viral internal proteins.
He et al. reported that the frequency of influenza A virus-
specific IFN-y-producing CD4 and CDS8 T cells significantly
increased after LAIV but not TIV immunization in children of
ages 5 to 9 years (26). A larger proportion of elderly volunteers
who received both LAIV and TIV than of those who received
TIV alone experienced a postvaccination rise in anti-influenza
A virus CTL activity (22). These studies suggest that LAIV
might have more benefits than TIV in providing cross-protec-
tion against variant influenza viruses, and this needs to be
further confirmed by a well-designed case-control study in the
future.

In conclusion, we clearly demonstrated that memory CTLs
established by seasonal human influenza A viruses or vaccines
could cross-react against pdmHIN1 virus. Our data suggest
that individuals who were infected with seasonal human influ-
enza A viruses previously or who received seasonal human
influenza vaccines may derive benefit, at least in part, from the
preexisting cross-reactive memory CTLs to reduce the severity
of pdmHINI infection even without protective antibodies.
These data may also provide some valuable insights for the
future design of broadly protective vaccines to improve pro-
tection against influenza, especially pandemic influenza.
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